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Introduction
▼Molecular combing of target DNAmolecules (Ref. 1) com-
bined with fluorescent in situ hybridization (FISH) rep-
resents a major methodological improvement for high-
resolution physical mapping of the genome. Indeed, it
allows the precise and reproducible measurement of hy-
bridization signals from DNA probes (Ref. 2, 3, 4). Stan-
dard FISH procedures (Ref. 5) can be applied successfully
on combed DNA. However, optimized hybridization con-
ditions allow higher hybridization efficiencies as well as
more reliable and accurate measurements, even when us-
ing small-size probes (unpublished results).
Tips
Target DNA
DNA molecules of several origins and sizes can be used as
targets. Whereas phage and cosmid DNA are extracted in
solution, large-size DNA (>400−500 kb), such as YAC and
total genomic DNA, should be prepared from cells embed-
ded in agarose blocks, as for pulse field gel electrophoresis
(Ref. 6). The optimal size of regions to be mapped should
be within the range of 1−200 kb. Fragments up to 1 Mb
in size have been successfully combed, but the propor-
tion of broken molecules is high in this case. Density of
DNA molecules on the surface should be adjusted by vary-
ing DNA concentration in the solution. Usually it reaches
50−100 molecules of lambda DNA or 20−50 molecules of
YAC DNA per microscopic field of view of 100 × 100 µm
(objective lens 100 ×).
DNA Probes
Many different types and sizes of probes have been hy-
bridized on combed DNA, including plasmid, lambda (Fig.
1b,c), cosmid (Fig. 1a), BAC, P1, YAC DNA (Ref. 2, 3, 4, 5,
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7), cDNA probes (Fig. 1c,d), and total genomic DNA (Ref.
4). Probes as small as 1 kb (Fig. 1d) or as long as several
hundred kilobases (Ref. 3) have been detected by FISH on
combed DNA. Probes labelled either by nick translation or
random priming are hybridized with the same efficiency
(see Note 1). Purification of the labelled probes from non-
incorporated nucleotides does not improve the signal/noise
ratio (see Note 2). For some as yet unknown reasons, signals
generally appear as ‘beads on a string’ and this pattern is
observed, whatever size of probe is used (Fig. 2).
Hybridization conditions
In order to reduce the background noise it is recommended
to quench non-specific anchorage sites by pre-incubating
the slides in a blocking solution before hybridization. Ac-
curate and reproducible results are obtained when denat-
uration of the slides is performed by dipping into the de-
naturation solution. Indeed, when the slides are denatured
in an oven, the result is a less homogeneous and a less re-
producible hybridization. When a genomic probe is used,
competitor DNA is required at an appropriate concentra-
tion in order to suppress non-specific hybridization signals
owing to repeated sequences. However, it should be kept
in mind that the quenching of large blocks of repeated se-
quences might create interruptions of the hybridization sig-
nals along the molecules (Fig. 3) and care should be taken
when analyzing fragments that are enriched in repeated se-
quences. The post-hybridization wash conditions of tem-
perature and stringency should be chosen to minimise
background noise while maintaining a high hybridization
rate (see Note 3).
Detection of signals
The hybridization signals cannot be detected by eye with-
out amplification (see Note 4). Several double-colour signal
amplification protocols have been successfully applied, as
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FIGURE 1. Pairs of probes hybridized on combed DNA (CCD images). (a) In the human XLP region on chromosome X (Ref. 12): overlapping cosmid
probes B0920 (35 kb) in green and 1Z4 (41.5 kb) in red hybridized to combed YAC (916D1) and detected with protocol 5c. (b), (c) and (d) In the murine
Xist region (Ref. 8, 13, 14). (b) Overlapping lambda probes IG10 (16.3 kb) in green and IIIA8 (17.6 kb) in red hybridized to combed YAC DNA PA-1 and
detected with protocol 5a. (c) cDNA probe pXist (2.5 kb) in red and lambda 510 probe (50 kb) in green hybridized to combed lambda 510 molecules and
detected with protocol 5b. (d) Two contiguous cDNA probes, HF (1.2 kb) in green and HR (1.9 kb) in red, hybridized to the combed YAC DNA PA-1 and
detected with protocol 5a.
FIGURE 2. In order to test the hypothesis that the ‘beads on a string’ pattern was because of the size of the labelled fragments, each bead
corresponding to the hybridization of one labelled molecule, biotinylated fragments of various sizes labelled by nick-translation were hybridized and
detected with protocol 5a. In this experiment, the lambda 510 was used as a probe and a target. ‘Beads on a string’ patterns were observed using (a)
standard-size labelled fragments (200−500 pb) as well as (b) a larger (2000 bp) labelled fragment.
FIGURE 3. Interruptions in the hybridization signal, owing to repeated sequences observed in the human XLP -X-linked lymphoproliferative
syndrome-region (Ref. 12). Cosmid probe (B0920, containing a 35 kb fragment) hybridized with competitor cot-1 DNA on combed YAC molecules
(yWXD 592) and detected with protocol 5c. A localized interruption of the fluorescent signal is observed (arrow) corresponding to the location of a
large blocks of repeated sequences.
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FIGURE 4. Illustration of the tyramide amplification system (both CCD images were acquired under identical conditions). Lambda probe 510 hybridized
to itself and detected with (a) protocol 5a and (b) protocol 5d. The fluorescence intensity is improved by a factor of four with the tyramide detection
while the background noise is only increased by a factor of 2.5. The signal/noise ratio of the images obtained with the tyramide system is two times better
than with the three layers of antibodies.
described in the following protocol section (see below). Hy-
bridization signals appear with a higher intensity when five
layers of proteins are applied, but the background noise is
also higher than with two or three layers of proteins. There-
fore, we would recommend a five-layer detection when us-
ing large-size probes (YACs and cosmids) and a three-layer
system with smaller probes (cDNAs or plasmids). An en-
zymatic amplification using the tyramide system (Ref. 10)
was very efficient at increasing the signal intensity without
generating background noise (Fig. 4). The tyramide system
does not allow a polychromic detection but can be very
useful to detect small-size probes.
Unfortunately, we did not succeed in counterstaining
combed DNA molecules after hybridization with the usual
fluorescent dyes. However, the whole combed DNA can be
used as a probe to counterstain the fibres (Fig. 1c), provid-
ing that the number of probe molecules to be mapped is in
excess (at least 50 times) of the probe used as a counterstain.
Image analysis and measurements
When using several probes in double-colour FISH, the ac-
curacy of the measurements relies on a precise correction
of the shift generated by switching the filters specific for
each wavelength. An additional double-labelled probe can
be hybridized in the region of interest as a standard to check
this shift. The use of a double-band pass filter or an auto-
matic filter wheel are other ways to overcome the problem.
The accuracy of measurements on digital images can be im-
proved by applying an image-restoration procedure, based
on deconvolution, to remove the blur of fluorescence (Ref.
11). Using this method, the signals of two contiguous cDNA
probes of 1.2 and 1.9 kb in size were resolved in 75% of
molecules analyzed.
Protocol
1:Slides
The target DNA is combed on 22 × 22 mm silanized cover-
slips (Ref. 1). Mount the coverslips onto ordinary slides
with glue.
Dehydrate the slides through an ethanol series (70%, 90%
and 100%, five minutes each).
Bake them in an oven at 60◦C for 3 h.
If not used immediately, the slides can then be stored in a
desiccated box at −20◦C.
Before the FISH experiment, incubate the slides at 37◦C
for 30 minutes with a blocking buffer containing 3%
bovine serum albumin (BSA), 2 × SSC, rinse them in
2 × SSC and dehydrate them again.
For denaturation, immerse the slides in a solution of 70%
formamide and 2 × SSC pH7 at 70◦C for two minutes
and immediately dehydrate them in a cold ethanol se-
ries.
2:Probes
Precipitate the labelled probes (100 ng of cosmid- lambda-
or cDNA probe, 300 ng of YAC probe) with 10 µg of salmon
sperm and, if necessary, cot-1 DNA. Resuspend them in
10 µl of hybridization buffer (50% formamide, 2 × SSC,
10% dextran sufate, 0.1% Tween-20).
Denature probes at 75◦C for 5minutes. In the case of sup-
pressive hybridization, preincubate at 37◦C for 30−60 min.
3:Hybridization
Apply the 10 µl probe mixture on the slides, seal with a
coverslip and incubate at 37◦C overnight in a moist cham-
ber.
4:Washes
Wash the slides with agitation in 50% formamide/ 2 × SSC,
pH 7 at room temperature (3 × 5 minutes) and 2 × SSC at
room temperature (3 × 5 minutes).
5:Detection
Incubate the slides at 37◦C for 30 minutes with a blocking
buffer containing 3 % BSA, 4 × SSC, 0.1% Tween-20
and rinse in 2 × SSC.
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Incubate the slides at 37◦C for 30 minutes with a detection
buffer (1% BSA, 4 × SSC, 0.1% Tween-20) containing
the detection protein, coupled with the fluorochrome
at the appropriate dilution. Wash the slides with agita-
tion in 4 × SSC at room temperature (3 × 5 minutes).
Repeat the last two steps for each of the successive lay-
ers of detection proteins.
At the end of the detection procedure, mount the slides
with an antifade buffer (90% glycerol, 2.3% DABCO,
20 mM Tris-HCl pH8).
Double-colour detection of probes labelled with biotin-
dUTP and with digoxigenin-dUTP can be performed
with one of the following amplification systems:
(a) First layer, avidin-FITC 1/400 (Vector) and mouse
anti-digoxigenin antibody 1/100 (Boehringer Mannheim).
Second layer, biotinylated anti-avidin antibody 1/200 (Vec-
tor) and rabbit anti-mouse IgG antibody labelled with
TRITC 1/200 (Sigma). Third layer, avidin-FITC 1/400 and
goat anti-rabbit IgG antibody labelled with TRITC 1/200
(Immunotech).
(b) First layer, streptavidin-Rhodol green 1/200 (Molec-
ular Probes) and mouse anti-digoxigenin antibody 1/100
(Boehringer Mannheim). Second layer, biotinylated anti-
streptavidin antibody 1/100 (Vector) and sheep anti-mouse
IgG antibody labelled with Cy3 1/200 (Sigma). Third layer,
streptavidin-Rhodol green 1/200 (Molecular Probes).
(c) First layer, avidin-TRITC 1/100 (Sigma) and mouse
anti-digoxin antibody labelled with FITC 1/50 (Jackson).
Second layer, biotinylated anti-avidin antibody 1/100 (Vec-
tor) and donkey anti-mouse IgG antibody labelled with
FITC 1/50 (Jackson). Third layer, avidin-TRITC 1/100 and
mouse anti-rabbit IgG antibody labelled with FITC 1/50
(Jackson). Fourth layer, biotinylated anti-avidin antibody
1/100 and rabbit anti-FITC antibody 1/200 (Cambio). Fifth
layer, avidin-TRITC 1/100 and goat anti-rabbit IgG anti-
body labelled with FITC 1/50 (Cambio) (Ref. 4).
(d) Alternatively, the tyramide system can be used for
detection, following the protocol described by the supplier
(NEN), with a fewmodifications. Incubate biotinylated tyra-
mide in the presence of 10% dextran sulphate for 1.5 h and
wash the slides after hybridization for only 2minutes, in the
absence of Tween-20. Biotinylated tyramide is subsequently
detected with one layer of streptavidin-rhodol green 1/200
(Molecular Probes).
Notes
Note 1. A similar hybridization efficiency (number of hy-
bridized molecules / number of combed molecules) was ob-
served when the same quantity (100 ng) of a lambda probe
(lambda 510, containing a 17 kb fragment of the murine
Xist region, Ref. 8) labelled with biotin-dUTP either by ran-
dom priming or by nick-translation, was hybridized to it-
self.
Note 2. A YAC (YAC 3‘−3 containing 500 kb of the gene
encoding human Dystrophin, Ref. 9) labelled with biotin-
dUTP by randomprimingwas hybridized to itself. The back-
ground noise intensity was unchanged, whether the probe
was purified from free nucleotides or not.
Note 3.With the lambda 510 probe hybridized to itself,
post-hybridization washes (3 × 5 minutes in both 50% for-
mamide, 2 × SSC and 2 × SSC) performed at 37◦C allowed
30−50% hybridization efficiency, whereas the same washes
performed at room temperature increased the rate of effi-
ciency to 100%. However, the background noise increased
when washes were performed at room temperature.
Note 4. When the lambda 510 probe was labelled with
biotin-dUTP, hybridized to itself and detected with one
layer of avidin-FITC, no signal was detectable by eye un-
der the microscope. After amplification of the signal with
two additional layers of specific proteins (as described in
protocol 5a) on the same slide, the signals were easily ob-
served.
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Products Used
FITC: FITC from Institut Pasteur
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
Anti-digoxigenin antibody: Anti-digoxigenin
antibody from Boehringer Mannheim
biotinylated anti-avidin antibody: biotiny-
lated anti-avidin antibody from Vector Laboratories
Inc
biotin: biotin from Boehringer Mannheim
Anti-Avidin: Anti-Avidin from Sigma
rabbit anti-mouse IgG antibody: rabbit anti-
mouse IgG antibody from Sigma
FITC: FITC from Institut Pasteur
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
streptavidin-Rhodol green: streptavidin-Rhodol
green from Molecular Probes
Anti-digoxigenin antibody: Anti-digoxigenin
antibody from Boehringer Mannheim
biotinylated anti-streptavidin antibody: bi-
otinylated anti-streptavidin antibody from Vector Lab-
oratories Inc
biotin: biotin from Boehringer Mannheim
sheep anti-mouse IgG: sheep anti-mouse IgG
from Sigma
streptavidin-Rhodol green: streptavidin-Rhodol
green from Molecular Probes
avidin-TRITC: avidin-TRITC from Sigma
FITC: FITC from Institut Pasteur
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
biotinylated anti-avidin antibody: biotiny-
lated anti-avidin antibody from Vector Laboratories
Inc
biotin: biotin from Boehringer Mannheim
Anti-Avidin: Anti-Avidin from Sigma
FITC: FITC from Institut Pasteur
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
FITC: FITC from Institut Pasteur
avidin-TRITC: avidin-TRITC from Sigma
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
mouse anti-rabbit IgG antibody: mouse anti-
rabbit IgG antibody from Jackson ImmunoResearch
Laboratories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
biotinylated anti-avidin antibody: biotiny-
lated anti-avidin antibody from Vector Laboratories
Inc
FITC: FITC from Institut Pasteur
biotin: biotin from Boehringer Mannheim
Anti-Avidin: Anti-Avidin from Sigma
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
FITC: FITC from Institut Pasteur
avidin-TRITC: avidin-TRITC from Sigma
FITC: FITC from Jackson ImmunoResearch Labora-
tories Inc
FITC: FITC from Boehringer Mannheim
FITC: FITC from Molecular Probes
streptavidin-Rhodol green: streptavidin-Rhodol
green from Molecular Probes
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